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A  detailed  investigation  of  the  effect  of  the  thermal  stabilizing  additive,  propane  sultone  (PS),  on  the 
reactions  of  the  electrolyte  with  the  surface  of  the  electrodes  in  lithium-ion  cells  has  been  conducted. 
Cells  were  constructed  with  meso-carbon  micro-bead  (MCMB)  anode,  LiNio.8Coo.2O2  cathode  and  1.0  M 
LiPF6  in  1:1:1  EC/DEC/DMC  electrolyte  with  and  without  PS.  After  formation  cycling,  cells  were  stored  at 
75  °C  for  15  days.  Cells  containing  2%  PS  had  better  capacity  retention  than  cells  without  added  PS  after 
storage  at  75  °C.  The  surfaces  of  the  electrodes  from  cycled  cells  were  analyzed  via  a  combination  of  TGA, 
XPS  and  SEM.  The  addition  of  2%  PS  results  in  the  initial  formation  of  S  containing  species  on  the  anode 
consistent  with  the  selective  reduction  of  PS.  However,  modifications  of  the  cathode  surface  in  cells  with 
added  PS  appear  to  be  the  source  of  capacity  resilience  after  storage  at  75  °C. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  their  high  energy  density,  high  discharge  voltage,  and 
long  cycle  life,  lithium-ion  batteries  are  a  popular  power  source 
for  advanced  portable  electronics  [1].  A  typical  lithium-ion  bat¬ 
tery  consists  of  a  graphite  anode,  a  transition  metal  oxide  (such  as 
LiMn204,  LiCo02,  LiNi02,  etc.)  cathode  and  a  non-aqueous  organic 
electrolyte,  which  acts  as  an  ionic  conductor  between  electrodes 
and  separates  the  two  materials.  The  electrolytes  used  in  com¬ 
mercial  lithium-ion  batteries  are  prepared  by  dissolving  LiPF6  into 
binary  or  ternary  solvents,  which  are  typically  mixtures  of  linear 
carbonates,  including  dimethyl  carbonate  (DMC),  ethyl  (-methyl- 
)  carbonate  (EMC)  and  diethyl  carbonate  (DEC),  with  ethylene 
carbonate  (EC).  However,  commercial  cells  with  LiPF6-based  elec¬ 
trolyte  have  several  problems,  including  loss  of  power  and  capacity 
upon  storage  or  prolonged  use,  especially  at  elevated  tempera¬ 
ture  [2,3],  which  complicates  the  use  of  LiPF6-based  electrolytes 
in  lithium-ion  batteries  for  many  large  power  applications,  such  as 
hybrid  electric  vehicles  and  satellites.  Analyses  of  electrodes  from 
lithium-ion  cells  that  have  undergone  accelerated  aging  experi¬ 
ments  suggest  that  electrolyte  decomposition  reactions  result  in 
the  formation  of  surface  films  on  both  the  anode  and  cathode 
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[2,4-7].  The  surface  layers  on  both  anode  and  cathode  protect 
the  electrodes  from  further  reaction  with  the  electrolyte,  but  they 
also  create  a  barrier  for  lithium-ion  intercalation/de-intercalation 
which  increases  cell  impedance  and  decreases  cycling  efficiency. 
Degradation  of  the  anode  solid  electrolyte  interface  (SEI)  is  one  of 
the  leading  causes  of  capacity  loss  [2],  and  the  impedance  increases 
at  the  cathode  are  the  major  contributor  to  the  cell  impedance 
rise  during  cell  aging  [8].  Incorporation  of  low  concentrations  of 
additives  into  the  electrolyte  has  been  reported  to  improve  inter¬ 
face  layers,  cycling  stability,  and  high  temperature  performance  of 
lithium-ion  batteries. 

Various  electrolyte  additives  have  been  developed  to  assist  the 
formation  of  a  stable  SEI  on  the  graphite  anode  and  improve  the  per¬ 
formance  of  lithium-ion  batteries,  such  as  vinylene  carbonate  (VC) 
[9,10],  ethylene  sulfite  (ES)  [11],  1,4-butane  sultone  (BS)  [12],  vinyl 
ethylene  carbonate  [13],  and  lithium  bisoxalatoborate  (LiBOB)  [14]. 
These  additives  generally  are  more  easily  reduced  than  the  elec¬ 
trolyte  and  produce  an  effective  SEI  layer.  Although  the  beneficial 
effects  of  these  additives  on  anodes  are  reasonably  well  understood, 
the  effects  on  the  cathode  are  rarely  reported. 

We  have  previously  reported  that  1,3-propane  sultone  (PS)  can 
be  used  as  an  SEI  forming  additive  on  the  anode  to  improve  the 
cycling  and  high  and  low  temperature  discharge  performance  of 
lithium-ion  batteries  [15].  However,  thorough  understanding  of 
the  effect  of  PS  addition  on  the  anode  SEI,  thermal  stability  of 
the  cell  and  surface  reactions  on  the  cathode  are  unclear.  Herein, 
cyclic  voltammetry,  thermal  gravimetric  analysis  (TGA),  scanning 
electron  microscopy  with  energy  dispersive  X-ray  spectroscopy 
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(SEM-EDS),  and  X-ray  photoelectron  spectroscopy  (XPS)  are  used  to 
investigate  the  mechanism  of  PS  reduction  on  anode  surface  along 
with  the  changes  to  the  anode  and  cathode  surfaces  before  and  after 
thermal  storage. 

2.  Experimental 

Battery-grade  carbonate  solvents  were  obtained  from  EM 
industries  without  further  purification.  Battery-grade  lithium 
hexafluorophosphate  (LiPF6)  obtained  from  Hashimoto  Chemical 
Corporation  without  further  purification.  Electrolyte  solutions  were 
prepared  by  dissolving  1  M  LiPF6  in  the  mixture  carbonate  sol¬ 
vents  in  a  dry  glove  box  (H20<lppm)  filled  with  high  purity 
of  argon.  1,3-propane  sultone  was  purchased  from  Aldrich  and 
dried  over  4  A  molecule  sieves  before  use.  Most  of  the  experiments 
were  conducted  with  ternary  electrolyte  (1  M  LiPF6  EC:DEC:DMC 
(1:1:1,  volume)  with  or  without  added  1,3-propoane  sultone  (PS) 
2%  (weight  ratio). 

A  three-electrode  cell  was  used  for  voltammetric  measure¬ 
ments,  with  graphite  as  working  electrode  and  Li  foil  as  counter 
and  reference  electrodes.  Electrochemical  measurements  were  car¬ 
ried  out  on  Autolab  (PGSTAT30,  ECO  Echemie  B.V.  Company).  Coin 
cells  were  fabricated  in  glove  box  filled  with  high  purity  argon 
with  LiNio.8Coo.2O2  and  MCMB  as  active  materials  and  polypropy¬ 
lene  as  separator.  The  anode  electrode  contains  87%  meso-carbon 
micro-bead  (MCMB),  10%  poly(vinylidene  difluoride)  (PVDF)  binder 
and  3%  conductive  carbon  dilutant;  cathode  electrode  contains  89% 
LiNio.8Coo.2O2,  5%  PVDF  binder  and  6%  conductive  carbon  dilu¬ 
tant.  Each  coin  cell  contains  30.0  p,L  electrolyte.  The  coin  cells  were 
cycled  at  a  constant  current-constant  voltage  charge  and  a  constant 
current  discharge  with  4.1  V  and  3.0  V  as  cutoff  voltages.  The  cells 
were  cycled  with  the  following  procedure:  first  cycle  at  C/20,  fol¬ 
lowed  at  C/10  and  the  remaining  cycles  at  C/5.  Samples  were  then 
stored  at  a  full  state  of  charge  for  15  days  at  75  °C.  The  cells  were 
then  cycled  with  both  charge  and  discharge  rates  of  C/5. 

The  anode  and  cathode  electrodes  were  rinsed  three  times  with 
DMC  to  remove  LiPF6  salt  precipitated  on  the  electrodes,  and  then 
evacuated  overnight  at  room  temperature  before  SEM,  TGA  and  XPS 
analysis.  The  electrodes  were  exposed  to  air  for  less  than  1  min, 
during  the  sample-introduction  process,  which  does  not  change 
the  surface  morphology  and  composition.  SEM  and  EDS  analyses 
were  conducted  on  a  JEOL-5900  SEM.  Thermal  behaviors  of  the 
electrodes  were  analyzed  on  TA  instruments  SDT  2900  ramping 
the  temperature  from  room  temperature  to  600  °C.  The  XPS  spec¬ 
tra  were  conducted  with  a  PHI  5500  system  using  Al  Ka  radiation 
(hu  =  1486.6  eV)  under  ultra  high  vacuum.  Lithium  was  not  moni¬ 
tored  due  to  its  low  inherent  sensitivity  and  small  change  of  binding 
energy.  Calibration  of  XPS  peak  position  was  made  by  recording  XPS 
spectra  for  reference  compounds,  which  would  be  presented  on  the 
electrode  surfaces:  LiF,  Li2C03,  LixPOyFz  and  lithium  alky-carbonate. 
The  graphite  peak  at  284.3  eV  was  used  as  a  reference  for  the  final 
adjustment  of  the  energy  scale  in  the  spectra.  The  spectra  obtained 
were  analyzed  by  Multipak  6.1  A  software  and  fitted  using  XPS  peak 
software  (version  4.1 ).  A  mixture  of  Lorentzian  and  Gaussian  func¬ 
tions  was  used  for  the  least-squares  curves  fitting  procedure. 

3.  Results  and  discussion 

3.1  Cyclic  vo Itammery 

Fig.  1  shows  cyclic  voltammograms  of  graphite  electrodes  in 
1  M  LiPF6  EC:PC:EMC  (1:1:3)  with  (b)  and  without  (a)  1%  PS.  Dur¬ 
ing  the  first  cathodic  potential  sweep  of  electrolyte  without  PS, 
a  reduction  peak  appears  at  around  0.5  V,  which  is  attributed 
to  the  reduction  of  electrolyte,  resulting  in  the  formation  of  SEI 


Fig.  1.  Cyclic  voltammograms  of  graphite  electrodes  in  1  molL-1  LiPF6/EC:PC:EMC 
(1:1:3)  without  (a)  and  with  (b)  1  wt%  PS,  scan  rate  0.5  mVs-1. 


film  on  graphite  electrode.  As  the  potential  becomes  more  neg¬ 
ative,  the  reduction  current  increases,  which  corresponds  to  an 
increase  of  quantity  of  lithium  ions  inserted  into  graphite.  During 
the  second  sweep,  the  reduction  peak  at  around  0.5  V  can  also  be 
observed,  but  it  is  smaller  than  that  of  the  first  cycle.  This  indi¬ 
cates  that  the  SEI  film,  formed  on  graphite  electrode  during  the 
first  cycle,  does  not  completely  suppress  further  reduction  of  elec¬ 
trolyte  during  the  second  cycle  leading  to  additional  irreversible 
capacity  loss.  A  different  behavior  is  observed  in  the  presence  of 
PS,  Fig.  lb.  During  the  first  cathodic  sweep,  a  reduction  peak  at 
around  0.7  V  is  observed.  The  new  reduction  peak  is  attributed  to 
the  reduction  of  PS  on  the  graphite  electrode  and  forming  of  the 
SEI  film.  With  decreasing  potential,  the  cathodic  current  slowly 
increases  but  there  is  no  observable  reduction  peak  at  0.5  V  sug¬ 
gesting  that  the  SEI  film  formed  from  PS  effectively  suppresses 
further  electrolyte  reduction  on  the  graphite  electrode.  During  the 
second  sweep,  the  reduction  peak  at  around  0.7  V  is  not  observed, 
which  is  consistent  with  the  formation  of  a  stable  PS  derived 
anode  SEI  during  the  first  cycle.  The  coulombic  efficiency  for  the 
graphite  electrode  in  the  electrolyte  without  PS  was  estimated  to 
be  72.9%  and  90.0%  for  the  first  cycle  and  second  cycle,  respec- 


806 


M.  Xu  et  al.  /  Journal  of  Power  Sources  193  (2009)  804-809 


Temperature  (°C) 


Fig.  2.  Cycling  performance  of  lithium-ion  batteries  after  storage  at  75  °C  for  15  days 
(a)  1  M  LiPF6  EC:DEC:DMC  (1:1:1) +  2%  PS  and  (b)  1  M  LiPF6  EC:DEC:DMC  (1:1:1). 

tively.  For  the  electrolyte  with  PS  addition,  the  coulombic  efficiency 
was  estimated  to  be  89.4%  and  98.0%  for  the  first  cycle  and  sec¬ 
ond  cycle,  respectively.  The  increase  of  coulombic  efficiency  can 
be  ascribed  to  the  PS  participation  in  SEI  formation  on  graphite 
electrode. 


Fig.  3.  Thermal  gravimetric  analysis  for  the  samples:  (A)  anode  electrode  after  stor¬ 
age  at  75  °C  for  15  days  with  PS;  (B)  cathode  electrode  after  storage  at  75  °C  for  15 
days  with  PS;  (C)  anode  electrode  after  storage  at  75  °C  for  15  days  without  PS;  (D) 
cathode  electrode  after  storage  at  75  °C  for  15  days  without  PS. 


cell  without  PS  (56%).  Surface  analysis  of  electrodes  extracted 
from  cells  with  and  without  PS,  as  described  below,  provides 
insight  into  the  source  of  the  difference  in  capacity  reten¬ 
tion. 


3.2.  Cycling  performance  of  lithium-ion  batteries  after  thermal 

storage  3.3.  Thermal  gravimetric  analysis 


Lithium-ion  coin  cells  were  constructed  containing  ternary 
electrolyte  with  and  without  2%  PS  addition.  After  initial  for¬ 
mation  cycling  the  cells  were  stored  at  75  °C  for  15  days.  Cell 
without  PS  retained  only  56%  of  their  initial  reversible  capac¬ 
ity  after  the  storage  period  while  cells  with  added  PS  retained 
70%  of  their  initial  storage  capacity.  Continued  cycling  of  the 
cells  after  storage  at  75  °C  for  15  days  is  depicted  in  Fig.  2.  The 
normalized  capacity  retention  after  thermal  storage  is  improved 
significantly  via  incorporation  of  PS.  The  capacity  retention 
during  the  first  100  charge/discharge  cycles  after  thermal  stor¬ 
age  is  much  higher  for  the  cell  containing  PS  (72%)  than  the 


The  presence  of  organic  species  on  the  surface  of  anodes  and 
cathodes  was  investigated  with  thermal  gravimetric  analysis  (TGA) 
[16,17].  Fig.  3  shows  the  thermally  induced  weight  loss  of  anode  and 
cathode  electrodes  that  were  stored  at  75  °C  for  15  days  with  and 
without  PS.  The  total  weight  losses  are  2.6%,  1.4%,  0.6%  and  0.3%, 
respectively.  There  are  two  clear  trends  in  weight  loss.  First,  addi¬ 
tion  of  PS  results  in  an  increase  in  the  weight  loss  for  both  the  anode 
and  cathode.  This  can  be  assigned  to  the  decomposition  of  organic 
PS  reduction  products.  Second,  anodes  have  more  weight  loss  than 
cathode  electrodes,  suggesting  that  the  anode  SEI  is  thicker  and 
contains  higher  concentrations  of  organic  components. 


CIs 


FIs 


Ols 


P2p 


S2p 


Fig.  4.  C  Is,  F  Is,  0  Is,  P  2p  and  S  2p  XPS  spectra  of  MCMB  anode  cycled  in  1  M  LiPFg  EC:DEC:DMC  (1:1:1,  volume)  (top)  and  in  1  M  LiPF6  EC:DEC:DMC  (1:1:1,  volume)  +  2% 
PS  (weight  ratio)  (bottom). 
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Table  1 

Surface  concentration  of  different  elements  on  fresh  anode  and  anodes  from  pre¬ 
cycled  cells  and  after  thermal  storage  cells  with  baseline  ternary  electrolyte  and 
addition  of  2%  PS. 


3.4.  Scanning  electron  microscopy  of  anodes 

The  surface  of  MCMB  particles  from  cycled  electrodes  contain¬ 
ing  electrolyte  with  and  without  PS  before  and  after  storage  at 
75  °C  for  15  days  was  further  investigated  with  scanning  electron 
microscopy  (SEM).  The  surface  of  the  graphite  particles  is  very  sim¬ 
ilar,  suggesting  that  the  presence  of  PS  does  not  result  in  significant 
modification  to  the  bulk  MCMB  particles.  The  graphite  particles  still 
have  a  similar  appearance  after  storage  at  75  °C  for  15  days  in  the 
electrolytes  with  and  without  PS  addition,  suggesting  the  thermal 
storage  does  not  modify  the  bulk  structure  of  the  MCMB  particles 
with  or  without  added  PS. 

3.5.  XPS  analysis  of  MCMB  anode  electrodes 

The  surface  composition  in  the  SEI  layer  of  the  anode  cycled 
in  1  M  LiPF6  EC:DEC:DMC  (1:1:1)  and  in  1  M  LiPF6  EC:DEC:DMC 
( 1 : 1 : 1 )  +  2%  PS  ( wt%)  was  investigated  by  X-ray  photoelectron  spec¬ 
troscopy  (Fig.  4).  The  cell  cycled  with  ternary  baseline  electrolyte 
results  in  a  decrease  in  the  concentration  of  C  and  an  increase 
in  the  concentration  of  F,  O,  and  P  (Table  1)  compared  to  the 
fresh  uncycled  anode.  This  is  consistent  with  the  formation  of  an 
anode  SEI  covering  the  MCMB  graphite  and  PVDF  binder.  Anal¬ 
ysis  of  the  C  Is  spectrum  reveals  that  the  intensity  of  the  peak 
located  at  284.3  eV,  assigned  to  graphite,  and  the  peaks  located  at 
285.7  eV  and  290.4  eV,  corresponding  to  PVDF  binder,  are  dimin¬ 
ished  compared  to  the  fresh  anode  as  expected  from  the  formation 
of  the  anode  SEI.  The  surface  of  MCMB  anode  contains  many 
species  characteristic  of  electrolyte  decomposition  products.  New 
peaks  are  observed  in  the  287.5-290  eV  range  suggesting  the  pres¬ 


ence  of  Li2C03  (290  eV),  lithium  alkyl  carbonates  (R-CH20C02Li, 
287.5  eV  and  R-CH20C02Li,  288.5  eV),  alkanes  (285  eV)  and  ethers 
(286 eV)  [6,18].  The  major  peaks  in  0  Is  spectra  at  531.6 eV  and 
532.5-533.5  eV  correspond  to  Li2C03  and  lithium  alkyl  carbon¬ 
ates  ( R-CH2  0(  C=0  )OLi  (532.5  eV)  and  R-CH20(C=0)0Li  (533.5  eV), 
respectively  [6].  Analysis  of  the  FIs  spectrum  suggests  three  main 
peaks  consistent  with  the  presence  of  LiF  (684.5  eV),  and  PVDF 
(687.6  eV).  Examination  of  P  2p  spectrum  supports  the  presence 
of  low  concentrations  of  LixPOyFz  ( 134.5  eV)  [5]  and  residual  LiPF6 
(136.2  eV)  [4]. 

Analysis  of  an  MCMB  composite  anode  extracted  from  a  cell 
containing  2%  PS  addition  suggests  changes  in  surface  composi¬ 
tions  compared  to  anodes  without  PS:  the  C  and  0  concentrations 
increase,  while  F  concentration  decreases,  and  S  is  present  (Table  1 ). 
This  indicates  that  the  presence  of  PS  modifies  the  anode  SEI  form¬ 
ing  reactions.  The  peak  at  168.5  eV  in  the  S  2p  spectrum  confirms 
that  PS  participates  in  formation  of  the  SEI  film  on  the  MCMB  anode. 
This  peak  can  be  assigned  to  R-S03Li  moieties,  related  to  sodium 
benzensulfonate  (168  eV,  S  2p). 

The  surface  composition  of  an  MCMB  composite  anode  extracted 
from  a  cell  cycled  with  the  baseline  ternary  electrolyte  then  stored 
at  75  °C  for  15  days  was  investigated  by  XPS  (Fig.  5,  top).  The  sur¬ 
face  composition  is  modified  significantly  upon  thermal  storage, 
the  concentration  of  C  is  decreased  while  the  concentrations  of 
P  and  O  are  increased,  consistent  with  a  greater  concentration  of 
decomposition  products  of  LiPF6.  Analysis  of  the  C  Is  spectrum 
suggests  that  there  is  a  relative  decrease  in  the  concentration  of 
Li2C03  (290  eV)  and  increase  in  the  concentrations  of  alkyl  car¬ 
bonates  (287-288.5  eV)  and  ethers  including  polyethylene  oxide 
(286  eV)  [19].  The  FIs  spectrum  reveals  a  relative  decrease  in  the 
concentration  of  LiF  (684.5  eV)  and  increase  in  the  concentration 
of  LixPOyFz  (686.5-688  eV),  which  is  consistent  with  the  signifi¬ 
cant  increase  in  the  concentration  of  P.  Analysis  of  P  2p  spectrum 
supports  the  presence  of  LixPOyFz  (134.5 eV)  while  the  Ols  spec¬ 
trum  contains  a  broad  peak  centered  at  ~532  eV  consistent  with  a 
mixture  of  alkyl  carbonates,  ethers,  and  LixPOyFz. 

The  MCMB  anode  extracted  from  the  cell  containing  ternary 
electrolyte  with  2%  PS  addition  after  storage  at  75  °C  was  inves¬ 
tigated  by  XPS  (Fig.  5,  bottom)  providing  very  similar  results  to 
the  sample  without  PS.  The  decrease  in  S  concentration,  similarity 
of  the  elemental  concentrations,  and  similarity  of  individual  ele¬ 
ment  spectra,  suggest  that  the  anode  surface  modifications  that 
were  present  after  initial  cycling  with  PS  are  lost  upon  storage  at 
75  °C  for  15  days. 


Fig.  5.  C  Is,  F  Is,  0  Is,  P  2p  and  S  2p  XPS  spectra  of  MCMB  anode  after  storage  at  elevated  temperature  with  the  electrolyte  1  M  LiPF6  EC: DEC: DMC  (1:1:1,  volume)  (top)  and 
in  1  M  LiPF6  EC: DEC: DMC  (1:1:1,  volume) +  2%  PS  (weight  ratio)  (bottom). 
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Fig.  6.  C  Is,  F  Is  and  0  Is  XPS  spectra  of  LiNio.sCoo.2O2  cathode  precycled  in  1  M  LiPF6  EC:DEC:DMC  (1:1:1,  volume)  (top)  and  in  1  M  LiPF6  EC:DEC:DMC  (1:1:1,  volume)  +  2% 
PS  (weight  ratio)  (bottom). 


3. 6.  SEM  analysis  of  LiNi0.8  Co 02  O2 

The  LiNio.8Coo.2O2  particles  from  cycled  electrodes  and  cycled 
electrodes  stored  at  75  °C  for  15  days  with  and  without  PS  addi¬ 
tion  were  investigated  with  scanning  electron  microscopy.  The  bulk 
particles  do  not  appear  to  be  significantly  effected  by  the  presence 
or  absence  of  PS  in  the  electrolyte  or  storage  at  elevated  tempera¬ 
ture. 

3.7.  XPS  analysis  o/LiM0  8Co02  particles 

XPS  spectra  from  fresh  LiNio.sCoo.2O2  cathode  electrode  have 
been  previously  reported  [6].  The  fresh  electrode  is  characterized  by 
peaks  corresponding  to  PVDF  binder  at  687.6  eV  in  F 1  s  and  285.7  eV 
and  290.4  eV  in  C 1  s.  The  peaks  located  at  284.3  in  the  CIs  spectrum 
are  characteristic  of  graphite,  and  290  eV  is  characteristic  of  the 
surface  Li2C03  which  also  contains  a  0 1  s  peak  at  531.6  eV  [4,20-22]. 


The  peak  at  684.5  eV  is  assigned  to  LiF,  which  is  believed  to  come 
from  the  electrode  preparation  process  [4].  The  oxygen  from  the 
bulk  metal  oxide  has  a  weak  signal  at  529 eV  in  the  Ols  spectrum, 
due  to  the  presence  of  the  surface  Li2C03. 

The  surface  of  cathode  particles  cycled  with  ternary  electrolyte 
with  and  without  2%  PS  was  investigated  by  XPS.  It  can  be  seen 
that  additional  peaks  appear  in  the  spectra  of  LiNio.sCoo.2O2  sam¬ 
ples  after  cycling  (Fig.  6).  The  C  Is,  F  Is  and  Ols  spectra  of  cycled 
samples  in  the  electrolyte  with  and  without  PS  addition  are  very 
similar.  In  addition  to  the  peaks  associated  with  PVDF,  graphite,  and 
Li2C03,  new  broad  peaks  are  observed  in  the  CIs  spectra  between 
288  eV  and  291  eV,  consistent  with  C— 0  bonds,  in  lithium  alkox- 
ides  (ROLi),  esters  or  lithium  alkyl  carbonates  [6].  The  major  peaks 
in  0  Is  spectra  at  529 eV,  531.6 eV  and  534 eV  correspond  to  the 
bulk  metal  oxide,  Li2C03  and  lithium  alkyl  carbonates,  respectively, 
confirming  that  the  surface  films  are  still  relatively  thin.  The  FIs 
spectra  contain  two  main  peaks:  one  at  684.5  eV  assigned  to  LiF, 


CIs  FIs  °1s  P2p 


Fig.  7.  C  Is,  F  Is,  0  Is  and  P  2pXPS  spectra  of  LiNio.8Coo.2O2  cathode  after  thermal  storaged  with  the  electrolyte  1  M  LiPF6  EC:DEC:DMC  (1:1:1,  volume)  (top)  and  in  1  M  LiPF6 
EC:DEC:DMC  (1:1:1,  volume) +  2%  PS  (weight  ratio)  (bottom). 
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Table  2 

Surface  concentration  of  different  elements  on  fresh  cathode  and  cathodes  from 
thermal  storage  cells  with  baseline  ternary  electrolyte  and  addition  of  2%  PS. 


the  surface  of  the  electrodes  in  lithium-ion  cells  has  been  con¬ 
ducted.  Upon  initial  cycling,  cells  containing  PS  provide  evidence  for 
selective  reduction  of  PS  and  the  formation  of  anode  SEIs  containing 
PS.  Storage  of  cells  at  75  °C  for  15  days  results  in  a  decrease  in  stor¬ 
age  capacity  for  cells  with  and  without  PS.  However,  upon  cycling 
cells  containing  PS  have  much  better  capacity  retention.  Analysis  of 
the  surfaces  of  the  electrodes  after  storage  at  75  °C  and  100  cycles 
suggests  that  the  improved  performance  of  cells  containing  PS  is 
due  to  modifications  of  the  cathode  surface  films  and  not  the  anode 
SEI. 
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and  another  peak  at  higher  binding  energy  (687.6  eV)  assigned  to 
PVDF. 

Spectral  analysis  of  LiNio.8Coo.2O2  cathodes  cycled  with  ternary 
electrolyte  and  stored  at  75  °C  for  15  days  suggests  changes  in  sur¬ 
face  composition  (Fig.  7).  The  concentrations  of  C  and  F  decrease, 
while  the  concentrations  of  0  and  P  increase  (Table  2).  The  increases 
in  the  concentration  of  0  and  P  are  consistent  with  generation 
of  thicker  films  of  electrolyte  decomposition  products  on  the  sur¬ 
face  of  metal  oxide.  Analysis  of  C  Is  spectrum  reveals  peaks  at 
286.7  eV  can  be  assigned  to  polycarbonate,  presumably  from  the 
polymerization  of  EC.  Peaks  in  the  288-291  eV  range  suggest  the 
presence  of  species  containing  C— 0  bonds,  such  as  esters  or  lithium 
alkoxides,  and  lithium  alkyl  carbonates,  R-CT^OCC^Li  (288  eV)  and 
R-CH20C02Li  (289)  eV.  The  concentration  of  LqCCU  (290  eV)  is 
decreased  as  previously  reported  for  thermally  abused  cells  [6]. 
The  Ols  spectrum  contains  new  signals  at  532.5  eV,  characteristic 
of  polymeric  species  (polycarbonates  or  polyethylene  oxide  (PEO)). 
The  metal  oxide  Ols  signal  at  529  eV  disappears,  suggesting  that 
the  surface  films  are  thicker  than  the  escape  depth  of  the  photoelec¬ 
trons.  Examination  of  F  Is  and  P  2p  spectra  supports  the  presence 
of  LixPOyFz  (687  eV,  F  Is  and  134.5  eV,  P  2p).  Enhancement  of  the  F 
Is  signal  at  684.5  eV  supports  an  increase  in  the  concentration  of 
LiF  after  thermal  storage. 

Addition  of  PS  to  ternary  electrolyte  modifies  the  changes  to 
the  surface  composition  of  the  LiNio.8Coo.2O2  cathode  after  ther¬ 
mal  storage.  The  cathode  extracted  from  a  cell  containing  2%  PS 
shows  lower  concentration  of  0,  F,  P  and  higher  concentration  of  C 
(Table  2),  which  indicates  that  addition  of  PS  modifies  the  structure 
of  the  cathode  surface  decreasing  the  concentration  of  inorganic 
components  (LixPFyOz  and  LiF)  while  increasing  the  concentration 
of  organic  species.  This  is  consistent  with  the  modified  weight  loss 
observed  by  TGA,  as  described  above. 

4.  Conclusion 

A  detailed  investigation  of  the  effect  of  the  thermal  stabilizing 
additive,  propane  sultone,  on  the  reactions  of  the  electrolyte  with 
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